Objectives-This study evaluated the stiffness of tissue surrounding thyroid nodules using shear wave elastography (SWE).
T hyroid nodules are currently the most common tumors of the head and neck. 1, 2 It has been reported that the incidence of thyroid nodules ranges from around 33% to 67% in the general population on conventional ultrasound (US) imaging, and 5% to 15% of these nodules are malignant. 1, 2 Routine palpation, conventional US imaging, radioactive iodine uptake scans, and fineneedle aspiration biopsy are commonly used in the diagnosis of thyroid nodules. Each diagnostic method has value as well as limitations. For example, routine palpation of the neck is typically only able to detect nodules of greater than 10 mm in diameter. Fine-needle aspiration biopsy is a valuable minimally invasive diagnostic method for discriminating malignancy and has high specificity (60%-98%) but varying sensitivity (54%-90%) for the diagnosis of malignant thyroid nodules. 3, 4 The variation in sensitivity is due in part to the fact that 17% to 22% of nodules have nondiagnostic aspirates. 4 Recently, shear wave elastography (SWE) has been introduced and allows for improved characterization of thyroid nodules with high specificity. [3] [4] [5] [6] [7] [8] Shear wave elastography can provide elastic information in real time and does not rely on applied stress. Furthermore, it can provide a quantitative assessment of the stiffness of tissues by measuring the propagation speed of shear waves and calculating the maximum value of the Young modulus (E, kilopascals). Studies have shown that E values determined with SWE reflect the stiffness of thyroid nodules and are positively correlated with the malignancy of the nodules. [3] [4] [5] [6] [7] [8] Currently, there is no widely accepted cutoff value for differentiating benign from malignant thyroid nodules with SWE. Shear wave elastography is known to have varying sensitivity and specificity for this purpose, with a published sensitivity range of 77.2% to 85.7%, and a specificity range of 80.5% to 96.0%. [3] [4] [5] [6] [7] [8] [9] [10] Based on the characteristics of analysis with SWE, it was worth studying whether the diagnostic accuracy of thyroid nodules improves with the use of SWE. An investigation of breast lesions has shown that the area of maximum stiffness in malignant lesions was always observed in the peritumoral region rather than in the lesion itself. 11 Zhou et al 12 reported that the strain ratios of a malignant breast lesion and the 1 mm of tissue surrounding it were significantly higher than those of benign breast lesions. Their results demonstrated an improvement in diagnostic accuracy for breast lesions by using the strain ratio of the lesion and the tissue surrounding it.
To our knowledge, few studies have analyzed the correlation between the stiffness of thyroid nodules and the tissue surrounding them by using SWE. Furthermore, there are no published studies analyzing the diagnostic relevance of stiffness values of the perinodular region. Finally, it is not clear whether the percentage of fibrocytes or the fibrous structure within the region of interest (ROI) correlates with tissue stiffness values as measured with SWE. This study used SWE to measure the stiffness of thyroid nodules and the perinodular region within 2 mm and evaluated the performance of tissue stiffness of the perinodular region within 2 mm in the differential diagnosis of thyroid nodules. In addition, the number of fibrocytes and the fibrous tissue structure in the perinodular region were analyzed. The correlations between the number of the fibrocytes, fibrous tissue structure, and SWE parameters were analyzed. The results of this study will allow for researchers and clinicians to capitalize on the use of SWE for the differential diagnosis of thyroid nodules.
Materials and Methods

Patients
This prospective study was performed in accordance with the ethical guidelines of the Helsinki Declaration and was approved by the local Ethics Committee of the Anhui University. From October 2016 to April 2017, 224 consecutive patients had thyroid nodules detected on conventional US examination in the Anhui Provincial Hospital. Finally, 108 patients with 128 thyroid nodules were enrolled in the study and underwent surgical resection. All nodules (benign and malignant) were sent for histopathologic analyses after surgery. Pathologic diagnoses were made by a single pathologist with 20 years of experience in thyroid pathology. A flowchart for patient selection is shown in Figure 1 . The inclusion criteria were as follows: (1) solid or nearly solid (<25% cystic) nodules as revealed on conventional US imaging (this criterion was used to prevent the possible effects of heterogeneous echogenicity of the nodules on SWE stiffness measurements); and (2) thyroid nodules that were not close to the margin of the thyroid (this criterion was used to avoid the surrounding tissue within 2 mm outside the margin of the thyroid).
Ultrasound Equipment
Thyroid nodule US examinations were performed with a Resona 7 diagnostic US system (Mindray Medical International, Shenzhen, China) and an L14-5 linear transducer with the latest real-time SWE function. The Resona 7 diagnostic system has a unique shell analysis function, which was used to measure the stiffness of a margin (0.5-9 mm) surrounding the lesion in 0.5-mm increments.
Ultrasound Examinations
To reduce artifactual stiffness, after the transducer was applied with the slightest pressure and a generous layer of US gel, the patients were instructed to hold their breath. A square ROI set for SWE acquisition was adjusted to include the entire thyroid nodule and surrounding normal tissue as observed on a B-mode scan. The size and location of the ROI were standardized as follows: the anteroposterior margin of the ROI was manipulated to include the nodule and at least 5 mm of surrounding tissue of the thyroid and superficial muscles (Figure 2 ). After the image was stabilized and recorded, the ROI was positioned on the grayscale US image, which was used to group all conventional US features of the selected thyroid nodules according to the Thyroid Imaging Reporting and Data System (TI-RADS). As described by Kwak et al, 13 suspicious US features of a solid component, such as hypoechogenicity or marked hypoechogenicity, an irregular or a microlobulated margin, a taller-than-wide shape, and microcalcifications, were applied to categorize thyroid nodules: TI-RADS category 3 indicated that the thyroid nodule was likely benign; category 4a, low suspicion; category 4b, intermediate suspicion; category 4c, moderate suspicion; and category 5, highly suggestive of malignancy. In the ROI, stiffness was quantified by the Young modulus (0-180 kPa). Once an image was stabilized, a border was drawn around each thyroid nodule, and the maximum E value of each thyroid nodule was recorded. The stiffness of the surrounding tissue within 2 mm of each thyroid nodule was measured with the shell function, and the maximum Young modulus of this ROI (E shell ) was recorded.
Each image data set was reviewed individually by 3 examiners, each having at least 5 years of thyroid US experience. Measurements of the E and E shell values were completed by each examiner, and the average values were calculated and recorded. The examiners were blinded to the pathologic results.
Nodule Pathologic Analysis
The pathologist was blinded to the US results. Collagen fibers on histologic slides were stained with the Masson trichrome stain. ImageJ version1.48 software (National Institutes of Health, Bethesda, MD) was used to calculate the percentage of fibrocytes in the boundary of the thyroid nodules. The correlation between the E shell values and the percentage of fibrocytes in the boundary of the thyroid nodules on pathologic specimens was evaluated. The fibrous structure within 2 mm of the thyroid nodules was analyzed by the pathologist and classified as a slightly disorganized structure, moderately disorganized structure, and severely disorganized fibrous structure (numbered 1, 2, and 3, respectively).
14 A slightly disorganized structure was defined as having little or no disorganized fibrous structure. A severely disorganized fibrous structure was defined as having an extended disorganized fibrous structure in greater than 50% of the area of a 5 3 5-mm 2 microscope field. A moderately disorganized fibrous structure indicated intermediate findings between no fibrosis and a severely disorganized fibrous structure ( Figure 3 ).
Statistical Analyses
The interobserver agreement among 3 sonographers for the TI-RADS category and E and E shell values was estimated by a j analysis. Agreements were displayed as the j 6 standard deviation. Agreement was graded as poor (j 5 <0. The E and E shell values were expressed as mean 6 standard deviation. The E and E shell values for benign and malignant nodules were compared by the paired Student t test. To evaluate the effect of the thyroid nodule diameter on the diagnostic accuracy of the E and E shell values, an analysis was conducted in 2 subgroups: 10 mm or smaller and larger than 10 mm. Statistical significance between multiple TI-RADS categories was analyzed by analysis of variance and a least-significant difference test.
Correlations between the E and E shell values were assessed by the Spearman correlation coefficient. Receiver operating characteristic (ROC) curves were used to analyze the diagnostic performance of the E and E shell values in the thyroid nodules. The sensitivity, specificity, and area under the curve (A z ) were calculated. The optimal cutoff values were determined by the Youden index (sensitivity 1 specificity -1). The McNemar test was used for paired comparisons of proportions (sensitivity and specificity). P < .05 was considered statistically significant. Correlations between the percentage of fibrocytes surrounding the thyroid nodules and the shell structure were assessed by the Spearman correlation coefficient. The degree of disorder of the fibrous structure in the surrounding tissue of the thyroid nodules was compared with the corresponding E shell value by the Kruskal-Wallis test. E and E shell Values of thyroid nodules A, Papillary thyroid carcinoma in a 53-year-old woman.The E value was 62.2 kPa, and the E shell value was 84.6 kPa. B, Thyroid adenoma in a 24-year-old woman.The E value was 80.9 kPa, and the E shell value was 61.5 kPa. 
Results
The mean age of the 108 patients included in the study was 33.12 6 13.34 years (range, 18-80 years).
Interobserver Agreement
The interobserver agreement was good (reader 1 versus reader 2, j 5 0.68 6 0.03; reader 1 versus reader 3, j 5 0.67 6 0.03; reader 2 versus reader 3, j 5 0.63 6 0.03) for the TI-RADS category assignment. The agreement was rated as fair (reader 1 versus reader 2, j 5 0.59 6 0.04; reader 1 versus reader 3, j 5 0.57 6 0.03; reader 2 versus reader 3, j 5 0.55 6 0.03) for the E values. In comparison, the interobserver agreement for the E shell values was good for reader 1 versus reader 2 (j 5 0.66 6 0.03) and reader 1 versus reader 3 (j 5 0.63 6 0.03), but it was fair for reader 2 versus reader 3 (j 5 0.59 6 0.03).
Thyroid Nodules
Of the 128 thyroid nodules, 89 (69.5%) were malignant, and 39 (30.4%) were benign. The mean maximum diameter measured with conventional B-mode US was 10.84 6 2.57 mm (range, 5.6-15.0 mm), with no significant difference between benign and malignant nodules (12.88 6 2.11 versus 9.94 6 2.23 mm, respectively; P 5 .96). The numbers of nodules with maximum diameters of 10 mm or smaller and larger than 10 mm were both 64.
TI-RADS
The E values were not significantly different between categories 4a and 4b (P 5 .55). Comparisons made between the other categories were statistically significant for both E and E shell values (P < .01).
The mean maximum E and E shell values of benign nodules were 66.4 6 12.1 and 48.1 6 17.0 kPa, respectively. The mean maximum E and E shell values of malignant nodules were 81.1 6 11.5 and 95.0 6 21.9 kPa. The E and E shell values were significantly different between benign and malignant nodules (P < .001). There was a significant high positive correlation between the E and E shell values in the malignant group and across the entire group (R 5 0.722 and 0.772; Small papillary thyroid carcinoma (n 5 2), papillary thyroid carcinoma (n 5 4) TI-RADS 4b Benign (n 5 2) Thyroid adenoma (n 5 1), Hashimoto thyroiditis (n 5 1) 75.9 6 9.4 88.2 6 16.9 Malignant (n 5 9)
Small papillary thyroid carcinoma (n 5 5), papillary thyroid carcinoma (n 5 4) TI-RADS 4c
Benign (n 5 0) 82.4 6 9.2 98.6 6 8.8 Malignant (n 5 45) Small papillary thyroid carcinoma (n 5 7), papillary thyroid carcinoma (n 5 36, thyroid lymphoma (n 5 1), follicular carcinoma (n 5 1) TI- RADS 5 Benign (n 5 0) 98.0 6 5.7 127.9 6 19.9 Malignant (n 5 28)
Small papillary thyroid carcinoma (n 5 4), papillary thyroid carcinoma (n 5 23), medullary carcinoma (n 5 1) P < .001), and a significant moderate positive correlation was observed in the benign group (R 5 0.601; P < .001; Figure 4 ).
E and E shell Value Assessment According to Nodule Diameter
The mean maximum E and E shell values of nodules of 10 mm in diameter or smaller were 79.7 6 12.5 and 91.0 6 23.5 kPa, respectively. The mean maximum E and E shell values of nodules larger than 10 mm in diameter were 73.5 6 13.7 and 70.5 6 32.0 kPa. The E values were not significantly different between the groups (P 5 .34), yet the E shell values were significantly different between the groups (P < .001).
Diagnostic Performance of the TI-RADS and E and E shell Values
The diagnostic performance of the TI-RADS and E and E shell values were compared by using the ROC curve for each ( Figure 5 
Correlation Between the Percentage of Fibrocytes and E shell Values in Surrounding Tissue
The mean percentage of fibrocytes in the surrounding tissue within 2 mm of the benign nodules was 34.1% 6 11.2%, which was significantly lower than that of malignant nodules 54.5% 6 11.2% (P < .01). There was a significant high positive correlation between the percentage of fibrocytes in the tissue surrounding the thyroid nodules and the E shell values in the malignant group and the total sample (R 5 0.729 and 0.867; P < .001) and a significant moderate positive correlation in the benign group (R 5 0.646; P < .001; Figure 6 ).
Correlation Between the Degree of Disorder of the Fibrous Structure in Surrounding Tissue and E shell Values
The degree of disorder of the fibrous structure in the surrounding tissue of the thyroid nodules were classified according to the criteria mentioned above. 14 The mean maximum E shell values were 5.85 6 6.49 kPa for no or slight disorder, 64.4 6 18.5 kPa for moderate disorder, and 103.12 6 15.0 kPa for severe disorder. The E shell values for each disordered grade were significantly different (P < .01; Figure 7) . The E shell values for nodules with moderate and severe disorder were significantly higher than those with no or slight disorder and increased with disorder severity (R 5 0.833).
Discussion
Ultrasound elastography is useful in differentiating between benign and malignant tumors of the breast, prostate, and thyroid gland. [15] [16] [17] [18] The sensitivity and specificity of elastography for differentiating thyroid nodules have been reported to be 82% to 97% and 77.5% to 100%, respectively. [19] [20] [21] [22] [23] These values are superior (2), and severe (3) disorders of arrangement when all specimens were classified according to the degree of disorder (**P <.01; ***P <.001).
Hu et al-Shear Wave Elastography for Thyroid Nodules J Ultrasound Med 2018; 00:00-00compared with the respective values of 83.3% and 74% reported for conventional grayscale US. 24 Some studies reported high sensitivity (90%) but low specificity (50%) 2 for elastography, and Park et al 18 reported a lack of reliable interobserver agreement for elastography compared with grayscale US in the diagnosis of malignant thyroid nodules. These results suggest that interpretation of elastographic results can be subjective. Various factors may influence the elasticity score, such as nodule size, exophytic location, rim calcification, thyroiditis, and motion artifacts. This study demonstrated an improvement in the diagnostic accuracy of thyroid nodules with the use of SWE.
This study used SWE to show an increase in the stiffness of the surrounding tissue of malignant thyroid nodules. Thyroid nodules usually have heterogeneous echogenicity, and their pathologic changes are often varied, including calcification, cyst formation, and chronic inflammation. Such pathologic changes could affect the tissue stiffness measured by a traditional SWE technique. As a result, using SWE to measure the stiffness inside a thyroid nodule may result in a missed or an incorrect diagnosis. In addition, there are no recognized diagnostic criteria based on SWE results. Previous studies indicate that institutions typically have their own cutoff values, which vary greatly. [3] [4] [5] [6] [7] [8] Our results demonstrate an improvement in diagnostic performance for thyroid nodules by using the E shell values (E shell A z 5 0.95). The E shell values had higher sensitivity and specificity (86.5% and 97.4%, respectively) compared with the E values (83.3% and 79.0%) and TI-RADS (87.6% and 84.6%, respectively) for diagnosis of thyroid nodules. Use of the E shell values can improve the diagnostic accuracy for thyroid nodules because they are not influenced by the heterogeneous echogenicity often observed inside thyroid nodules. Our study showed that the E values were not significantly different between categories 4a and 4b (P 5 .55). However, the E shell values were statistically significant different when comparing any two categories (P < .01). Therefore, using the E shell values may improve the diagnostic accuracy for TI-RADS category 4a and category 4b nodules compared with the E values.
Our results showed that the correlation between the E and E shell values across the entire patient group was high (R 5 0.772) and was higher than that for each group (benign: moderately correlated, R 5 0.601; malignant: highly correlated, R 5 0.722). One reason for this finding may have been that the sample size was larger when the whole patient group was considered. These results are similar to the findings of Zhou et al, 25 who reported that the strain ratio of the lesion and surrounding tissue was highly positively correlated in malignant breast lesions and moderately positively correlated in benign breast lesions.
Our results showed no significant difference in the E values as grouped by nodule diameter (P 5 .35). These results were consistent with studies by Sadigh et al 26 and Li et al, 27 which concluded that the performance of elastography does not vary substantially with nodule size. However, there were significant differences in the E shell values when grouped by nodule diameter. In this study, the E shell values of thyroid nodules of 10 mm in diameter or smaller were significantly higher than those for nodules larger than 10 mm (P < .001). This result may have been due to the size of the benign nodules that needed surgical excision, which were usually larger than the malignant nodules.
Studies have shown that the shear wave velocity in the surrounding tissue accelerated as the extent of elastic fibrosis increased. 9, 14, 28 Our results indicated that the E shell values for the malignant group were significantly higher than those for the benign group, which was consistent with the previous studies. 9, 14, 28 Malignant tissue may stimulate the proliferation of fibrocyte cells in the surrounding tissue, which may explain why the E shell values were significantly higher in the malignant group and could be confirmed in our histopathologic findings (54.5% 6 11.2% in the benign group versus 34.1% 6 11.2% in the malignant group; P < .01).
Furthermore, the E shell values for nodules with moderate or severe disorder were significantly higher than those with no or slight disorder. These results are consistent with the findings of Fukuhara et al, 14 who suggested that tissue stiffness as measured with SWE is associated with the degree of disorder of the fibrous structure based on an ex vivo study of fresh thyroid specimens. The results of this study were also similar to the study by Zhou et al, 12 who reported that the "stiff rim" observed in some breast cancers was correlated with the disorganization of the fibrous structure. The stiff rim as observed in the tissue surrounding malignant breast lesions was due to a disorganized fibrous structure in that region. The presence of a stiff rim indicated high stiffness of the surrounding tissue of malignant lesions, which may be caused by a desmoplastic reaction or infiltration of cancer cells into the peritumoral tissue.
We further evaluated the diagnostic performance of the TI-RADS, and the E and E shell values in discriminating malignant and benign thyroid nodules by using an ROC curve. Our results suggested that the E shell values are superior to the E values and the TI-RADS for thyroid nodule differentiation and diagnosis (E shell A z 5 0.951).
Our study was unique in analyzing the correlation between stiffness of thyroid nodules and the surrounding tissue. The shell analysis function we adopted enabled measurement of stiffness across the entire perinodular area, which differed from previous studies. 10, 24 Furthermore, we found that the percentage of fibrocytes in surrounding tissue within 2 mm of malignant nodules was significantly higher than that of benign nodules, and an increase in E shell values corresponded with the severity of disorder of fibrocytes, which to our knowledge has not been reported in the previous studies. We thought that the E shell values may improve the diagnostic accuracy for thyroid nodules because it can avoid the effects of heterogeneous echogenicity.
This study did have some limitations. First, we used relatively strict inclusion criteria to prevent the potential effects of heterogeneous echogenicity of the nodules on SWE stiffness measurements. As a result, the selection of samples may have been biased. A larger sample size is needed for future studies to reduce this error. Moreover, this study only reviewed the stiffness of the surrounding tissue within 2 mm of thyroid nodules; therefore, the stiffness of varying margins should be considered in future studies. Finally, this study only reviewed the maximum Young modulus values (E and E shell ) for the ROIs, and future studies should investigate the mean values and standard deviations as well.
In conclusion, the E shell and E values were highly correlated and were significantly higher in malignant nodules. The E shell values may be more relevant diagnostic indices for thyroid nodule differentiation compared with E values and the TI-RADS.
